Purpose: To develop a new method of femtosecond laser-assisted refractive autokeratoplasty (FRAK) in advanced keratoconus and to evaluate preliminarily early clinical results. Methods: A total of 17 patients with stable advanced keratoconus and a mean age of 33 ± 8.4 years were included in the study. FRAK was performed in all cases with the IntraLase 60 kHz (Abbott Medical Optics Inc.). A 2-step resection of corneal stroma was performed using the femtosecond laser, with the generation of a circular corneal flap with wedge-shaped profile. After flap removal, the corneal wound was sutured. Results: The surgical procedure and early postoperative period were uneventful in all cases. Mean uncorrected distance visual acuity (UDVA) improved significantly from 0.07 ± 0.03 preoperatively to 0.26 ± 0.13 at 3 months after surgery. Improvement in corrected distance visual acuity (CDVA) was observed in 94.1% of cases, with 76.5% of eyes showing an improvement of more than 3 lines. Between 3 and 6 months after surgery, an additional improvement was observed in UDVA and CDVA. Corneal cylinder decreased significantly from 9.1 ± 3.8 D preoperatively to 4.4 ± 2.75 D at 6 months postoperatively. Conclusions: FRAK may be an alternative treatment in stable advanced keratoconus, allowing a significant visual improvement and corneal regularization while saving the patient's own corneal tissue. The non-penetrating nature of the surgical technique helps to minimize the risks associated to this type of surgery. Further research is needed to determine the functional long-term outcomes.
Introduction
Keratoconus is a usually bilateral corneal disorder that clinically manifests in form of a progressive corneal conic protrusion and thinning, with an associated visual deterioration due to the induction of corneal irregular astigmatism [1] [2] . The incidence of keratoconus varies broadly among different ethnic groups, with reported values of 57 patients per 100,000 people in the Caucasian population and 229 per 100,000 people in Asia [1] - [3] . The exact aetiology and pathogenesis of keratoconus are still not completely understood. The incidence seems to be higher in males [1] - [4] . Several options have been described for the management and visual rehabilitation in keratoconus, such as spectacle correction, contact lenses, implantation of intracorneal ring segments, corneal collagen cross-linking, topography-guided custom ablation and lamellar or penetrating keratoplasty [5] . In cases of advanced keratoconus (stages III and IV according to the Amsler grading system) [6] , there is a significant deterioration of the visual function with low or no improvement and tolerance with spectacles or contact lenses [6] . In such cases, a surgical option is required for obtaining an acceptable visual improvement and avoiding the progression of the disease [7] .
Corneal collagen cross-linking is based on the photopolymerization of corneal collagen fibres after activating the photosensibilizer riboflavin by using ultraviolet radiation. This leads to a change of the mechanical properties of the cornea. Long-term studies have shown that a higher efficacy of this therapy for stabilization and improvement of topographic parameters and visual acuity is achieved for stages I or II of keratoconus [8] [9] . The implantation of intracorneal ring segments has shown its best functional results in keratoconus stages II and III [10] . In stages III and IV of keratoconus, deep anterior lamellar keratoplasty is considered an efficient treatment option that preserves patient's own Descemet membrane and endothelium, resulting consequently in a significant reduction of the graft rejection rate [11] - [13] . Penetrating keratoplasty should only be considered in cases of rough scars and ruptures of Descemet's membrane [14] [15] .
The application of femtosecond laser-based technology in ophthalmology in the last decade has undoubtedly opened new possibilities in the treatment of patients with corneal pathologies [16] , contributing specifically to improved functional results after corneal transplantation [12] . Femtosecond lasers allow corneal tissue cuts with a selected profile as well as high accuracy and reproducibility, providing at the same time the possibility of an individual approach to surgical planning [12] [17]- [19] . The purpose of the current study was to develop a new method of refractive autokeratoplasty with the use of the femtosecond laser technology for the management of patients with advanced keratoconus and to evaluate the early clinical outcomes of this treatment.
Methods

Patients
This study enrolled 17 consecutive patients (15 men, 2 women) with advanced keratoconus and a mean age of 33.0 ± 8.4 years (median: 31 years). All patients underwent femtosecond-based refractive autokeratoplasty (FRAK) using the IntraLase platform (Abbott Medical Optics Inc.) in the period from October 2014 to June 2015 in the Municipal Clinical Hospital No. 10 in Minsk. The inclusion in the study and the surgical procedure were performed after the patient was informed about the nature of the research and the risks of the surgical procedure. Likewise, all patients signed an informed consent form in accordance with the tenets of the Declaration of Helsinki.
The inclusion criteria for this study were: stage III-IV keratoconus according to the Amsler-Krumeich grading system, no registration of keratoconus progression during the last 1.5 years, corneal thickness at the cone apex of 330 μm or more, corneal thickness in the zone of 7 -10 mm of 500 μm or more, anterior chamber depth of more than 3.5 mm, open anterior chamber angle, normal level of intraocular pressure, low tolerance to spectacle or contact lens refractive correction, and absence of Descemet's membrane rupture or severe stromal opacity. Rigid gas permeable contact lenses were used by 4 patients of our sample, with only one of them wearing them 6 to 8 hours per day. The other 3 patients wearing contact lenses reported low tolerance, with the impossibility of a comfortable wearing of more than 2 to 4 hours a day. The fitting of rigid gas permeable contact lenses was not possible in the remaining 13 patients.
Statistical analysis was performed with SPSS (Statistical Package for Social Sciences) software version 17. Wilcoxon and t tests were used for data comparison. Any p value less than 0.05 (p < 0.05) was considered as significant.
Examination Protocol
All patients underwent a complete ophthalmological examination before surgery as well as during the entire follow-up period. The following tests were included: measurement of uncorrected (UDVA) and corrected distance visual acuity (CDVA), manifest refraction, pneumotonometry (Topcon, Japan), biomicroscopy, keratometry and pachymetry (TMS-5, Tomey, Japan), optical coherence tomography evaluation of the anterior segment (Visante OCT, Carl Zeiss Meditec), and corneal endothelial microscopy with estimation of the endothelial cell density (Topcon SP-3000P, Japan). The postoperative follow-up in the patients of our series ranged from 2 to 8 months, with controlled postoperative examinations at 1, 3 and 6 months after surgery.
Surgical Procedure
All surgeries were performed under local anaesthesia by the same experienced surgeon (HVS). Before surgery, antibiotic drops (fluoroquinolones) were prescribed to 6 to 12 hours before operation. The femtosecond laser IntraLase 60 kHz (program Keratoplasty) was used in all cases to perform the corneal cuts with the predicted depth and angle. The crucial calculation of the parameters defining the cut was performed individually, based on pachymetric and topographic data. The width of the corneal ectatic area and its location relative to the visual axis were considered for the selection of the cut diameter. The depth of the cut was 90% of mean corneal thickness in the area where the cut was planned to be performed. After programming the surgical parameters, the central 6-mm corneal zone was marked with the use of a corneal marker in order to facilitate the subsequent laser centration. Then, after obtaining the adequate corneal applanation using the vacuum ring and disposable interface, the first circular corneal cut was performed along the ectasia zone (not less than 8.0 mm in diameter), with an angle calculated individually for a depth of up to 90% of corneal stroma thickness in this area. After this, a second circular corneal cut was performed perpendicular to the surface, with a separation from the first one ranging from 150 to 300 nm. Both cuts intersected at the planned depth, creating a circular corneal flap with a wedge-shaped profile. Then, the vacuum fixator was removed. Figure 1(A) shows the status of the cornea immediately after the creation of the wedge-shaped flap with the femtosecond laser.
After the dissection of the flap, the patient was placed under the surgical microscope where the second part of the surgical procedure was performed. If necessary, the cornea was marked again with a surgical marker or corneal suture marker to obtain a more precise approximation of wound margins. The corneal flap was easily removed using the forceps and spatula (Figures 1(B)-(D) ) while controlling the integrity of the corneal wound and the absence of signs of anterior chamber perforation (intraocular fluid filtration). In some cases, a paracentesis was performed for reducing the anterior chamber depth and facilitating the adaptation of the wound margins. After these steps, the first four cardinal interrupted sutures were placed on the corneal wound margins (Nylon 10-0) with radial orientation in the 3, 6, 9 and 12 hour clock meridians (Figure 1(E) ). The final number of required sutures was defined individually in each case, with the general criterion of achieving a satisfactory approximation of corneal wound margins. In the majority of cases, the number of interrupted buried sutures ranged from 8 to 12 (Figure 1(F) ). A postoperative pharmacological therapy was applied in all cases: antibiotic drops (Oftaquix, Santen) 5 times daily for 3 days and 4 times daily afterwards for up to 7 days; dexamethasone 0.1% drops 4 times daily for 10 days, 3 times daily for up to 1 month after the operation and 2 times daily afterwards; pantothenic acid 5% (Corneregel, Bausch & Lomb) every 3 hours for 3 days and then 4 times daily. At 1 week postoperatively, this therapy was complemented with tear substitutes (Systane-Ultra, Alcon).
The principal idea of this surgical technique was to achieve a corneal surface flattening and consequently a visual improvement. For this reason, a two-stage resection of corneal stroma was performed with the use of a femtosecond laser, followed by the insertion of corneal sutures.
Results
Preoperatively, all patients had myopic refraction and myopic astigmatism. The diagnosis of keratoconus had been performed from 4 to 14 years before our preoperative examination. A total of 3 and 14 patients had a stage III and IV keratoconus, respectively. A keratoconus of the same stage was present in both eyes of the same patient in 9 cases. Corneal collagen crosslinking had been previously performed in 4 patients between 1.4 to 4 years before our preoperative examination. In the remaining cases, crosslinking had not been done due to the seriously advanced stage of the disease. In 2 patients, penetrating keratoplasty had been performed in the right eye, with a high level of remaining postoperative astigmatism (9.5 and 12 D). Mean preoperative decimal uncor- rected (UDVA) and corrected distance visual acuity (CDVA) in our sample were 0.07 and 0.15, respectively. Table 1 summarizes the preoperative pachymetric and corneal topographic data in the analysed sample. Comparing the pachymetric data obtained with the TMS-5 (Tomey, Japan) and Visante OCT (Carl Zeiss Meditec) systems, a difference from 35 to 57 μm was detected in the same corneal meridians, with higher values of the TMS-5 system. For safety purposes, the OCT pachymetric data were used for the calculation of the cut parameters with the femtosecond laser. Mean preoperative anterior chamber depth (ACD) in keratoconus eyes stage III and IV was 3.61 ± 0.15 and 3.78 ± 0.17 mm, respectively.
Visual and Refractive Changes
Postoperative follow-up ranged from 3 to 10 months. Figure 2 summarizes the changes in UDVA and CDVA after the surgery. Mean decimal UDVA improved significantly from 0.07 ± 0.03 preoperatively to 0.26 ± 0.13 at 3 months after surgery (p < 0.01). An improvement in CDVA was observed in 94.1% of cases, with 76.5% im-proving more than 3 lines. In the postoperative period from 3 to 6 months, no significant changes were detected in UDVA and CDVA (p > 0.05).
Topographic, Pachymetric and Anterior Segment Changes
Maximum keratometry changed from a mean preoperative value of 60.1 ± 5.7 D to a 3-month postoperative value of 53.2 ± 3.8 D (p < 0.01), whereas minimum keratometry decreased from 54.8 ± 5.8 D preoperatively to 46.4 ± 3.6 D postoperatively (p < 0.01). Likewise, the magnitude of corneal astigmatism decreased significantly from 9.1 ± 3.8 preoperatively to 4.4 ± 2.75 D postoperatively (p < 0.01). An 8-month follow-up was completed by 4 patients, with no significant changes during the postoperative period in the magnitude of keratometric indices (p > 0.05).
The thinnest pachymetric data did not show significant differences with respect to preoperative values at 1, 3 and 6 months postoperatively (p > 0.05). Figure 3 shows the status of the anterior chamber at the slit lamp examination on the first postoperative day in two different eyes of our series. A gradual restoration of ACD was observed in the first postoperative month, with a mean value of 2.9 ± 0.26 mm at this time point. No significant changes were observed in ACD between 3 and 6 months after surgery, with a mean 6-month postoperative value of 3.10 ± 0.23 mm (Figure 4) . 
Corneal Endothelial and Intraocular Pressure (IOP) Changes
Preoperative corneal endothelial cell density could not be measured in 15 of 17 cases due to the presence of a marked conical corneal deformation. At 1 month after surgery, mean endothelial cell density in the central corneal zone was 2592.0 ± 120.2 cell/mm 2 . No significant changes in cell density were observed in the postoperative period from 3 to 6 months after surgery (p > 0.05), with a mean 6-month postoperative value of 2569.0 ± 113.8 cell/mm 2 . IOP did not increase significantly in any case, with a mean 6-month postoperative value of 16.0 ± 2.3 mm Hg.
Complications
No suture-related complications were observed during the follow-up period (wound dehiscence, sagging, neovascularization). Corneal suture removal was planned at 10 to 12 months after surgery. Due to the application of a vacuum fixator at the stage of corneal applanation, subconjunctival hemorrhage was present in some cases in the early postoperative period, but resolved spontaneously within few days. All patients were informed about this potential condition beforehand. Complaints of photophobia and tearing of different severity were reported by most of the patients in the first 2 to 3 days after surgery. All patients reported a subjective significant improvement of visual quality in the operated eye at 3 to 5 days postoperatively.
Discussion
Corneal transplantation should be considered as one of the last options in keratoconus management. Clinical guidelines for this disease have changed significantly in the last decade, being focused now on preservation of patient's own tissue and on the selection of the least invasive treatment if possible [20] . Deep anterior lamellar corneal transplantation has almost completely substituted penetrating keratoplasty and is considered to be the "gold standard" treatment in advanced stages of keratoconus [7] . Despite the favourable conditions for the development of keratoplasty techniques in many countries, the deficit of corneal donor tissues is an important handicap. For this reason, the option of autokeratoplasty has been developed and tested in some conditions [21] - [23] . The main benefits of autokeratoplasty are the retention of host endothelium, thereby eliminating both the risk of endothelial rejection and the prolonged attrition of endothelial cell numbers that occur following penetrating keratoplasty, and the reduced requirement for postoperative steroid therapy with its associated complications [24] . All these issues have been considered for the development of a new treatment method for advanced keratoconus.
Patients with advanced keratoconus are commonly young, with high visual requirements and expectations as well as the need for a fast visual rehabilitation and reduction of disability. In stable stages of the disease, the preservation of corneal thickness and transparency is crucial at the same time that the optical properties of the patient's own cornea are modified for improving visual acuity and quality of life. This has been attempted with corneal collagen crosslinking [25] and implantation of intracorneal ring segments [26] , with very limited or unsuccessful outcomes. The application and implementation of femtosecond laser technology in ocular surgery deliver new opportunities regarding accuracy, programmability and predictability of surgical procedures, as well as an individual approach at the stage of planning and performing the operation [16] . We described a new method of treatment for patients with advanced keratoconus using the femtosecond laser technology, the femtosecond-guided refractive autokeratoplasty (FRAK). To this date, only minimal evidence of the potential usefulness of manual autokeratoplasty has been reported for keratoconus patients [27] [28] . Likewise, the current study was also aimed at reporting the first clinical result with this new technique.
In our pilot study, FRAK surgery induced a significant improvement of both UDVA and CDVA in patients with advanced keratoconus, including even those with a stage IV disease. Specifically, CDVA improved in 92.86% of cases, with an improvement of more than 3 lines in 85.7%. This visual improvement was associated to a significant flattening of the cornea and reduction of the magnitude of astigmatism. Future studies should evaluate the impact of the surgical procedure on corneal aberrations. Cunha et al. [27] reported the visual outcomes in 15 keratoconus patients after manual ipsilateral rotational penetrating autokeratoplasty technique (IRPAK) associated with a crescent-shape resection of 0.5 mm of the inferior cornea. They also found a reduction of topographic astigmatism and maximum and mean corneal curvature associated to visual improvement but of less magnitude than in our series [27] . Possibly, the generation of a more accurate and smooth corneal dissection with the femtosecond laser is the reason for obtaining a better visual outcome with our technique, as has been demonstrated with other applications of this laser technology [29] . Furthermore, no complications were detected during the surgical procedure and in the early postoperative period with our technique. Its non-penetrating nature helps to avoid potential serious complications which might occur when the ocular globe is completely opened. No reduction in endothelial cell count was observed, as happened in the study of Cunha et al. evaluating the outcomes of IRPAK [27] .
We propose a new surgical technique that may be an alternative treatment option in advanced non-progressive keratoconus, allowing saving the patient's cornea instead of cornea transplantation. The potential advantages of the FRAK are high accuracy and reproducibility, an individual approach to surgical planning, a clinically relevant visual improvement, corneal regularization and flattening. A limitation of this study is the small number of participants and short follow-up, but the encouraging visual results could suggest the use of this technique in the assessment of its efficacy in larger series and evaluate the long-term results.
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